Design and fabrication of an all fiber-optical add/drop element based on a taper-resonator-taper structure by Huang, YT et al.
Design and Fabrication of an All Fiber-Optical Add/Drop 
Element Based on a Taper-Resonator-Taper Structure 
Yantang Huang     Chao Chen 




     In this letter, we designed and fabricated an all fiber-optic Add/Drop element based on 
Taper-Resonator-Taper (TRT) structure, assembling it with V-shaped grooves. We proposed a novel 
configuration composed of two microspheres and three taper fibers . We can cascade this kind of TRT 
structure, it will be potentially used as multi-wavelengths Optical Add/Drop Multiplexer  and 
Wavelength Division Multiplexer/Demultiplexer. 
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Wavelength division multiplexing (WDM) is currently introduced worldwide into existing optical 
communication systems for capacity enhancement. OADM(Optical Add/Drop Multiplexer) nodes are 
key elements of  all optical fiber systems, assuring network survivability by fast reconfiguration and 
enabling Add/Drop of WDM channels. Researching novel OADMs has been receiving considerable 
attention. 
A Taper-Resonator-Taper (TRT) structure ,based on fused-silica microsphere to fiber-taper coupling 
had been reported[2~4]. In Refs.[3], Greater than 99% power transfer was routinely observed in the 
dual-taper, fused silica microsphere coupling configuration .The resonantly transferred power to the 
second fiber was ~85% of the power transmitted through the first fiber in the nonresonant condition. 
This result shows the potential of the dual-coupling configuration as an Add/Drop filter for 
telecommunication applications in which high extinction, high drop efficiency , and a bandwidth of 
several gigahertz are required. 
In this letter, we design and fabricate an all fiber-optic add/drop element based on TRT structure, 
assembling it with V-shaped grooves. We proposed a novel microsphere-tapers type OADM 
configuration composed of two microspheres and three taper fibers . 
 
2. PRINCIPLE OF COUPLING FROM TAPERED FIBER INTO MICROSPHERE 
 
2.1 Optical Microsphere Resonator 
Microspheres of fused silica are three-dimensional WGM resonators, typically 50~500μm in 
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diameter and often fabricated by simply melting the tip of an optical fiber. The total optical loss     
experienced in these resonators is exceptionally low. In fact, Q-factors as high as 108~1010 have already 
been demonstrated for microspheres [3-5]. High Q dielectric microcavities, in which light is trapped 
internally as whispering gallery mode (WGM) resonances, have attracted interest in applications as 
diverse as quantum optics and optical communications. The WGMs propagate by total internal 
reflection (TIR) around the sphere equator, remaining confined in a thin layer beneath the surface. 
The WGM is characterized by the mode numbers q, l, and m, the radial, angular, and azimuthal 
mode numbers respectively [5,7]. Here q≧1 is the number of field variations in the direction along the 
radius of the sphere, l is close to the number of wavelengths that fit into the optical length of the 
‘equator’, m equals the number of field variations in the equator plane, all the above estimates are valid 
with l≈2π aN/ λ , q=1 , and arbitrary m≦l(where a is  the sphere radius and λ  is the wavelength of 
light in free space, N the refractive index of the microsphere ) . To maximize the advantage of a 
microcavity resonance ,we are interested in exciting modes with low q and with m≈l. These are the 
modes with the smallest mode volume , as they are most closely confined to the surface of the 
sphere(lowest radial mode number q, q=1) and to the sphere equator (∣m∣= l ). 
The radial part of a WGM can be described by spherical Bessel functions, while the polar field 
dependency follows spherical Harmonics. The azimuthal field variation is sinusoidal [7,14]. For practical 
purposes, the desirable radial and polar modes are often the fundamental ones, as they have the lowest 
volume and thus represent the highest attainable Q-factor of a given sphere. 
WGMs of this type possess negligible electrodynamically defined radiative losses, are not 
accessible by free-space beams, and therefore require employment of near-field coupler devices. The 
greatest impediment to the practical utility of microsphere resonator devices has been the difficulty of 
coupling light into and out of the spheres. At present, in addition to the well-known prism coupler with 
frustrated total internal reflection (TIR)[11], coupler devices include side-polished fiber 
couplers[ 6,7,10],and fiber tapers[ 2-5].The principle of all these devices is based on providing efficient 
energy transfer to the resonant circular TIR guided wave in the resonator field of a guided wave or a 
TIR spot in the coupler. Efficient coupling has been accomplished by tapered fibers . 
 
2.2 Coupling Between Taper Fibers and Microsphere 
The crucial point of these studies is how to excite the WGMs which are highly confined on the 
surface of microsphere simplicity and highly efficiently, how to be able to couple light into and out to 
the cavity. 
The first type is the eroded fiber coupler [14],in which the evanescent field of a propagation 
waveguide mode becomes accessible as a result of partial removal of the cladding in a bent section of 
the fiber. The recently demonstrated second type of fiber coupler is based on the stretched section of a 
single-mode fiber and employs the mode conversion of the initial guided wave into waveguide modes 
of cladding tapered to a diameter of few micrometers. Considering the two types of taper fiber coupler, 
in the waist region the fiber core is no longer significant, and the light travels in the fundamental mode 
along the waveguide formed by the silica waist surrounded by air. The taper waist can be as little as a 
micrometer in diameter , On reaching the other end of the waist, the light remaining in the waist is 
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returned to the guided mode in the fiber core. 
If the waist of the taper fiber is small, the fundamental mode will have an evanescent tail extending 
significantly out into the free space surrounding the taper, and the propagation constant of the mode will 
be a function of the waist radius. 
In order to design good performance and easy coupling TRT structure , we refer to a homogeneous 
fiber taper of radius ρ  and a sphere of size parameter x=2π a/λ  (where a is  the sphere radius and 
λ is the wavelength of light in free space)[5]. To determine the size of fiber taper required for efficient 
excitation of the chosen WGM, we need to match the propagation constant of the WGM at the surface 
of the sphere βs to the propagation constant of the appropriate mode in the tapered fiber βf. Refer to 
Refs.[5] , Some results of the phase-matching calculations are shown in Fig.1. The solid curve 
represents the propagation constant βof the fundamental taper mode as a function of the radius (top 
axis). The points are plotted on the lower axis and show the propagation constants of the lowest few 
radial mode numbers for several different sphere diameters (differing l) in the wavelength range of 
interest.    
.  
Fig.1 Calculated values of the propagation constants for a fiber taper (solid curve) as a function of the 
radius(plotted on the top axis) and for the first few radial mode numbers of WGM resonance for sphere of 
different sizes ,plotted on the lower axis[5]. 
According to the results of Fig.1, we design the optimum TRT configuration.. When one construct 
an actual optimum TRT coupling system，the first ,we should select a microsphere of proper radius and 
low absorption coefficient. The second，the frequency of incident light should fix on the given WGM on 
resonance in a high-Q microsphere. The third，The conical angle of the taper fiber should be small ,the 
radii of the waist of the taper fiber should match to the given microsphere . 
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3 DESIGN A NOVEL TRT STRUCTURE 
 
3.1   Multi-wavelengths Add/Drop TRT Structure 
 
A novel add/drop device geometry is depicted in Figure 2.Three nearly identical tapered fibers(the 
radii match the microspheres) are positioned to tangentially touch opposite sides of the equators of the 
two microspheres(with Radius R1 ,R2) .The middle fiber serves as an input and out port, the input port 
carries a WDM signal stream containing a series of wavelength channels,λ1 , λ2, λ3, λ4, …, while 
the other two fibers enable signal adding and dropping simultaneously. The microspheres sustain WGM 
resonances at a series of wavelengths { λ  l, m}. Careful positioning of the fibers at taper-microsphere 
contact points enables coupling to these resonant modes. 
 If a channel is resonant with a WGM , then power transfer to the microspheres and it drops at port 
3 or port 5 .Other non-resonant channels transmit through the middle fiber to port 2 with minimal power 
loss. Similarly, a channel atλ3 that is input at port 4 ,a channel atλ4 that is input at port 6 will fill the 
vacant wavelength channel by resonant coupling .  If we cascade the unit, we can obtain 
multi-wavelengths Add/Drop .     
        
               Fig. 2  Schematic diagram of the add/drop device 
 
3.2 V-shaped Grooves Structure Design 
 
In order to apply the designed structure，we can assemble taper fibers and microspheres with 
V-shaped grooves on silicon wafer.  
The anisotropic etching of silicon is a standard step in silicon technology [12]. Anisotropic 
etchants can etch the silicon crystal with a higher rate along the <100> direction than along the <111> 
direction. When used on {100} oriented slices covered by an oxide mask , hydroxide etchants produce a 
V-shaped etch , limited at the side-walls by {111} surfaces and at the bottom by a {100} plane，with 54. 
72° (1 1 1 ) sidewall angles relative to the (1 0 0 ) surface. An important property of the anisotropic 
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etching of {100} surfaces is that the etch is self-stopping at the point where the {111} planes intersect 
and the {100} bottom surface reduces to zero Fig.3(a) . 
In order to gain good performance and easy coupling , we desire the fundamental radial and angular 
modes((m=l, q=1)), the tapered fibers should tangentially touch opposite sides of an equator of the 
microsphere. So we should be carefully to design V-shaped grooves where the taper fibers and 
microsphere were put into . According to the diameter of microsphere and optical fiber to design the 
oxide mask window width W Fig.3 (b). 
The tapered fibers should tangentially touch opposite sides of an equator of the microsphere，so 
the distance D between  the core of taper fiber and the centre of sphere to the wafer surface must be 
equal ，the distance between the core of adjacent taper fibers equals to the diameter of sphere Ds. The 
maximum diameter of taper fiber in V-shaped groove is fD (if the taper fibers were prepared from 
standard single-mode fibers , fD  =125μm) . The diameter of microsphere is sD . 











f+=           θ =70.52°                  (1) 
 
 Fig.3 (b) is the pattern of mask. W1 denotes the window width of SiO2 mask for placing 
microspheres，W2 denotes the window width of SiO2 mask for fixing taper fibers. d denotes the 
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4.1 Fiber Tapers Fabrication  
 
 The fiber tapers were fabricated using a technique described in [ 2,3,5,14] .The diameters of the 
fiber tapers were tailored carefully in order to provide nearly ideal coupling and phase matching [3,5] 
between the fundamental WGM (m=l, q=1) in the microsphere and the tapers. The optimal taper 
diameters were approximately 2-5μm.  There are two methods to fabricate taper fiber. 
The first method, we can form a fiber taper by etching the standard fiber [14]. In order to perform 
the etching, we mounted a bare fiber on a translatable stage above a convex meniscus of hydrofluoric 
acid (HF)[14]. Etch parameters such as etch-region length and taper slope could be controlled by 
changing the fiber position in the HF meniscus. In order to terminate etching, the fiber was lifted clear 
of the acid, then cleaned and dried with a pressurized aerosol. During erosion, etch quality and progress 
was monitored with fiber throughput loss measurements and microscopy. A 48%, room temperature HF 
solution was used in all etching experiments.  
The second method, we can form a fiber taper by heating and stretching a section of optical fiber 
to form a narrow thread, or waist, which is joined to the untreated ends of the fiber by a gradual taper 
transition. In this method, there include flame heating and CO2 laser heating.  The flame elongation 
method employed taper rig (commonly used to fabricate the fused-fiber directional coupler), a 2-3mm 
flame is used to heat the taper region and a force is exerted by the DC motors . The flame head is fed by 
a methane/oxygen mixture . Two fibers were placed in parallel and heated simultaneously and 
uniformly to create tapers having nearly the same size and profile. This method involves heating the 
fibers in a flame and pulling them while monitoring the coupling ratio with photodiodes. Pulling is 
halted and the flame removed when the desired coupling ratio is achieved. Fabrication with a flame can 
lead to contamination of the coupler with combustion by-products, and variations in the temperature of 
the burner may lead to non-uniformities in the taper waist radius . 
We can also used CO2 laser as a heating source. A CO2  laser beam is clean, controllable ,fast 
acting ,and free of inertia .As a result of the pointlike heat source and the versatility associated with 
scanning, tapers of any transition shape waist and uniform taper waist can be produced.  
In Ref. [13] , reported a fiber taper fabrication system that is capable of producing low-loss fiber 
tapers and couplers of precise taper shape and waist dimensions. It is possible to reduce taper loss to as 
low as 0.1 dB by using this improved fiber taper fabrication technique.  
 
4.2 Microspheres Fabrication 
 
Silica is the material-of-choice for microspheres because it exhibits low loss at optical 
communication wavelengths. Silica microspheres can be fabricated by melting the end of an 
appropriately thin post, e.g. an optical fiber. Before the molten silica hardens, surface tension shapes it 
into a near-perfect sphere. Additionally, the process creates an extremely smooth surface, which 
contributes directly to low optical WGM propagation losses. The spheres were fabricated by 
ARC-melting a cleaved fiber end, or fabricated by heating the tip of a tapered fiber filament using flame. 
The molten silica on the tip is pulled into a nearly spherical shape by surface tension.  
Proc. of SPIE Vol. 5252     513
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/12/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
The microspheres can also be created by heating the tip of a tapered fiber filament using a CO2 
laser,diameters ranging from 100-250 microns were fabricated by first preparing a sharp-tipped 
filament of fiber using a CO2  laser and the reheating the tip to achieve the desired sized sphere. This 
method made a better quality sphere. The residual stem attached to the sphere functioned as a handing 
rod for sphere positioning relative to the fiber taper.  
 
4.3 V-shaped Grooves Fabrication 
 
The construction of the V-shape groove is based on the anisotropic etching geometries of single 
crystal (100) silicon. Anisotropic silicon etching is one of the most important process steps in the 
fabrication of MEMS devices，being familiar and common. It can be used to form diaphragms on one 
side of a wafer or to make a variety of trenches, holes and other structures. For most micromachining 
and active circuit processing,(1 0 0 ) orientation material is used, for which hydroxide etchants produce 
pyramidal pits with 54.74° (1 1 1 ) sidewall angles relative to the(1 0 0 )surface. In our experiment, we 
use the anisotropic etchants of TMAH (Tetramethyl ammonium hydroxide NOHCH 43 )( ). Using 
semiconductor micromechanical processing technology such as Mask making ,Oxidization ,photograph, 
lithography, and corrosion to manufacture V-shaped grooves .  
     The basic fabrication process for V-shaped grooves is outlined as follow: Mask making     
wafer cleaning     Oxidization      glue painting      photolithographic      develop     
harden mask        corrosion         wash        dry       inspection. 
In  order to fix the residual taper attached to the sphere, we used double technology to etch a 
hole on the other side , corresponding to the position at  Fig.3 (b)’s the hole position. We did as the 
same process as the front side. 
 
5   DISCUSSION  AND  CONCLUSION 
 
      We proposed a kind of TRT structure OADM with two microspheres and three taper fibers. From 
Fig.2 ,we can conceive of when the radii of the two spheres are equal, the device will drop a channel 
and distribute the optical power; when the radii are unequal ,it will drop two channels, function as 
multi-wavelengths Optical Add/Drop Multiplexer. We can cascade this unit, it will be used as a 
Wavelength Division Multiplexer/Demultiplexer .  
Further work is necessary to test transmission spectra，insertion loss，to optimize design and 
fabrication technology to ascertain this device to be a practical use element . 
Because of these devices have shown promising characteristics including high extinction ratio (26 
dB)[8], low insertion loss (3 dB), appropriate channel bandwidth (several gigahertz), fiber-optic 
compatibility, and compact dimensions. Additionally, BER performance is satisfactory at OC48 rates 
[4]. Employed V-shaped groove , the OADM of microsphere-tapers type will be potential of practical 
utility. Owing to be relatively inexpensive and be compact after packaging, the coupling system of TRT 
will be predicted a general element of micro-optics and integrated optics. 
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